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[0001] This application claims the benefit of U.S. Provisional 
Application No. 60/411,688 entitled "MEASUREMENT OF CLOUD 
CONDENSATION NUCLEI USING LONGITUDINAL THERMAL-GRADIENT 
CHAMBER" and filed on September 18, 2002 by Gregory C. 
Roberts. 



[0002] This application relates to aerosol measurements, and 
more particularly, to measurements of cloud condensation 
nuclei. 

[0003] The effect of human activities on climate is being 
recognized as one of the most important issues facing society 
(International Panel of Climate Change, 2001) . Humans 
influence climate in numerous ways by cooling or heating the 
planet. Some components (such as greenhouse gas warming) are 
well understood and quantified; others are subject to high 
uncertainty. Aerosols (airborne particulate matter) belong to 
the latter category. It is believed that aerosols have a net 
cooling effect, but quantitative estimates are highly 
uncertain, of the order of the greenhouse warming effect 
itself. This uncertainty primarily originates from poorly 
understood aerosol-cloud interactions. Aerosols are the seeds 
for cloud formation, and those, around which droplets form, 
are called cloud condensation nuclei (CCN) . The size, 
concentration, and affinity to water vapor of CCN can directly 
influence the size and concentration of cloud droplets. 
[0004] Increasing the concentrations of aerosols (which occurs 
under polluted conditions) leads to more reflective and 
persistent clouds. Since clouds are very effective reflectors 
of incoming solar radiation, even small perturbations in their 
properties can significantly decrease the amount of solar 
radiation absorbed by the climate system, and thus lead to 
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cooling, otherwise known as the aerosol "indirect effect". Of 
all the components of climate change/ the aerosol indirect 
effect is the most uncertain and potentially with the largest 
cooling effect. Until the aerosol indirect effect is well 
quantified, society is incapable of assessing its impact on 
future climate. 

[0005] Measurements of CCN are fundamental for providing the 
link between cloud microphysics and the physical and chemical 
properties of aerosol. It is this liaison that is essential 
to improving our understanding of aerosol-cloud interactions 
and their subsequent effect on climate through modification of 
cloud radiative properties and the hydrological cycle. CCN 
measurements, however, are among the most challenging 
measurements in atmospheric sciences as obstacles in 
instrumental development and nuances in interpreting the data 
pose inherent problems. The primary source of problems lies in 
clouds themselves; they form in regions of very low water 
vapor supersaturation (by. most a few tenths of a percent). 
Developing a technique that generates low supersaturation in a 
controlled manner, within in an ultralight package that 
responds quickly to ambient changes (necessary conditions for 
in-situ aircraft measurements), has proven to be challenging. 
[0006] In addition, instrument development in this field has 
been largely empirical. As a result, measurements were often 
subject to unquantified uncertainty. Significant improvements 
in the measurement techniques are needed and this development 
constitutes an important step in this direction. 
[0007] The ability of a* particle to nucleate is at least in 
part determined by the saturation level of the environment, 
the size of the particle, and the chemical composition of the 
particle. When the relative humidity exceeds the saturation 
level where the vapor phase and the liquid phase are in 
equilibrium, a supersaturation state establishes and vapor 
begins to condense on surfaces and some particles. At a 
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certain critical supersaturation, when the diameter of a 
condensation nucleus of a given chemical composition exceeds a 
critical diameter, the nucleus is said to be "activated." 
Upon this activation, vapor can condense spontaneously on that 
nucleus and cause the nucleus to grow to a very large size 
which is limited only by the kinetics of condensational growth 
and the amount of vapor available for the condensational 
growth. The critical diameter at a given supersaturation 
usually changes with the chemical composition of the 
particles. Hence, particles of different chemical 
compositions can become activated at different sizes. One way 
to characterize condensation nuclei is to measure the critical 
supersaturation at which a particle activates. Various cloud 
condensation nucleus spectrometers have been developed for 
producing and measuring supersaturations in a desired range. 
[0008] It is generally understood that cloud formation is 
determined by a subset of aerosol particles that grow into 
droplets by heterogeneous water nucleation. The ability of an 
aerosol particle to serve as CCN depends primarily on its size 
and soluble mass. The ratio of water vapor pressure at the 
- surface of the droplet to that of a flat plane is the 
equilibrium saturation ratio S R eq , and is described by the 
Kohler theory initially published by Kohler, "The nucleus in 
and the growth of hygroscopic droplets," Trans. Faraday Sot., 
32, 1152-1161 (1936). See also, e.g., Pruppacher and Klett, 
Microphysics of Clouds and Precipitation, Kluwer Academic 
Publishers, Boston, (1997) and Seinfeld and Pandis, 
Atmospheric chemistry and physics: From air pollution to 
climate change, 1326 pp., John Wiley, New York (1998). Two 
competing terms describe the Kohler equation; the surface 
tension term (i.e., the Kelvin effect) accounts for enhanced 
vapor pressure due to droplet curvature and scales to inverse 
diameter, D p _1 , and the dissolved solute term (i.e., the Raoult 
effect) depresses the water vapor pressure at the droplet 
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surface and scales to D p ~ 3 . The maximum S R eq of the Kohler 
curve defines the critical supersaturation, S c , and occurs at 
the droplet 1 s critical diameter, D pc . The droplet is in stable 
equilibrium with its environment when its diameter is less 
than D pc . However, once the particle has activated (i.e., D p 
>D pc ) f the particle will continue to grow as long as the 
surrounding vapor pressure of water in the air is greater than 
the equilibrium vapor pressure of the solution droplet. The 
saturation ratios are often expressed as supersaturations, S v , 
in percent (i.e., S v (%) = (S R -l)x 100%). 

[0009] The shape of the Kohler curve dictates droplet growth 
and can be readily modified by surfactants and slightly 
soluble constituents in ambient aerosols. The presence of 
surface-active substances, such as water-soluble organic 
carbons (WSOC) , can have a significant influence on the 
equilibrium vapor pressure by reducing the droplet ' s surface 
tension, which lowers S c and enhances droplet growth. Slightly 
soluble compounds and soluble gases also affect the shape of 
the Kohler curve and may even allow the occurrence of stable, 
unactivated droplets of about 20 jxm diameter in realistic, 
albeit polluted, conditions. Such modifications to the Kohler 
curve result in different growth rates of droplets and may 
impose challenges in defining activated and unactivated 
droplets and what constitutes CCN . Nonetheless, interpreting 
measurements from CCN instruments requires an understanding of 
these nuances and proper assessment of their importance in 
light of the particular experiment 1 s focus. 

Summary 

[0010] This application includes, among others, exemplary 
implementations of continuous-flow CCN chambers with improved 
measurement accuracy based on a monotonic thermal gradient in 
the stream-wise direction of the air flow. Such CCN chambers 
can be used for real-time, in-situ measurements of CCN and may 
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be configured to operate at a high sampling rate sufficient 
for airborne operations. Direct measurements in the 
climatically important range of supersaturations of less than 
0.1% are possible with the present CCN chambers. 
[0011] The exemplary continuous-flow CCN chambers described 
here have a monotonic thermal gradient in the stream-wise 
direction of the air flow in the CCN chambers. Hence, the 
temperature of the CCN chamber changes monotonically along the 
flow direction from the input end to the output end. In 
general, the temperature may monotonically increase along the 
flow direction. In one implementation, for example, the 
temperature within the CCN chamber may linearly increase from 
the input end to the output end of the CCN chamber along the 
steam-wise direction. In a cylindrical CNN chamber, such a 
linear spatial temperature gradient can produce a quasi- 
uniform supersaturation along the flow direction. This quasi- 
uniform supersaturation along the flow direction can maximize 
the growth rate of activated droplets in the flow and thus 
significantly enhance the instrument performance. The 
temperature gradient and the flow control the supersaturation 
in the CCN chamber and may be adjusted or modified to retrieve 
the CCN spectra. 

[0012] In one implementation, a CCN device includes a cloud 
condensation nuclei chamber having an input to receive an 
aerosol flow, a region of supersaturation to grow cloud 
condensation nuclei, and an output to export the aerosol flow. 
A thermal control is engaged to the chamber to produce a 
monotonic thermal profile in a stream-wise direction -of the 
aerosol flow from the input to the output in the chamber. 

[0013] In another implementation, a cloud condensation nuclei 
measuring apparatus has a chamber to receive an air sample and 
to keep the air sample in a region of supersaturation within a 
specified range, a heating system providing an increasing 
temperature gradient along the axis of the chamber in the 
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direction of flow, and a particle counter coupled to the 
chamber to measure particles in the air sample output by the 
chamber and to provide a count indicative of particles within 
a selected size range. 

[0014] In a more specific implementation, a CCN instrument is 
provided in which an air sample is introduced in the center of 
a vertical, cylindrical column whose surfaces are wetted. This 
configuration keeps the sample in a region of nearly uniform 
supersaturation and minimizes wall losses. The air then flows 
vertically downwardly through the chamber, where CCNs activate 
and grow into droplets. An optical particle counter at the 
outlet of the chamber detects all particles having diameters 
over a threshold such as 0.5 microns. Particles above a next 
threshold, for example, 1.0 microns are considered CCNs, and 
their total per unit volume comprises the CCN concentration. A 
monotonically increasing temperature gradient is provided 
along the axis of the chamber in the direction of flow. 
[0015] These and other implementations and associated methods 
are described in greater detail with reference to the 
drawings, the detailed description, and the claims. 

Brief Description of the Drawings 
[0016] FIG. 1 shows computed saturation and thermal gradient 
in an alternating-gradient CCN chamber for repeating hot/cold 
sections in a cylindrical symmetry. The upper graph 
illustrates the contours of the supersaturation profile in the 
radial, r, and streamwise, z, dimensions. The centerline is 
at r = 0. The lower graph shows the alternating temperature 
gradient (bars) and the development of the supersaturation 
profile near the centerline of the chamber (multiple 
oscillating lines) . The dashed line denotes the transition 
between an undersaturated (ratio < 1) and supersaturated 
(ratio > 1) region of the instrument. Notice that the minimum 
supersaturation ratio briefly drops below 1 (< 0% 
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supersaturation) just after the cold sections. Droplets 
momentarily evaporate during this period. 

[0017] FIG. 2 shows saturation and thermal profiles of a 
linear thermal-gradient CCN chamber in a cylindrical symmetry. 
The upper graph illustrates the contours of the 
supersaturation profile in the radial and streamwise 
dimensions. The centerline is at r = 0. The lower graph 
shows the linear temperature gradient (line with dot symbol) 
and the development of the uniform supersaturation profile 
near the centerline of the chamber. Notice that unlike FIG.l, 
the supersaturation is always positive (or ratio >1) 
throughout most of the instrument. 

[0018] FIG. 3 shows one example of a CCN chamber described in 
this application. 

[0019] FIG. 4 shows the internal structure that enables 
annular flow through the column that is used in the exemplary 
CCN chamber in FIG. 3. 

[0020] FIG. 5 shows predictions of supersaturation based on 
simplified and fully-coupled model simulations for individual 
variables at conditions similar to normal operation. The 
error bars on the fully-coupled simulations represent one- 
sigma variations to the mean centerline supersaturation. 
[0021] FIG. 6 shows simulations of streamline deviations in 
the chamber as a function of column radius for a range of flow 
rates and temperature gradients. 

Detailed Description 
[0022] The specific techniques and designs of continuous-flow 
CCN chambers with a monotonic thermal gradient in the stream- 
wise direction of the air flow are now described below as 
examples. These examples include implementations of 
continuous-flow CCN chambers employing a novel technique of 
generating a supersaturation along the streamwise axis of the 
chamber. Such a CCN instrument may establish a constant 
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temperature gradient in the direction of flow to explore the 
differences in diffusion between water vapor and heat so that 
a quasi-uniform supersaturation at the centerline can be 
maintained. As described below, this quasi-uniform 
supersatuation is desirable in promoting continuous growth of 
the activated particles or droplets throughout the CCN 
instrument and thus improving reliability of the measurements. 
[0023] The streamwise thermal-gradient CCN chambers described 
here can generate a well-defined supersaturation to simulate 
cloud-formation in a controlled environment. The some notable 
features of these CCN chambers include: 

temperature gradient in the streamwise direction 
generates the supersaturation by exploiting the difference in 
diffusion between heat and water vapor. 

continuous flow allows fast sampling (1 Hz measurements) , 
which is suitable for airborne measurements. 

supersaturation is nearly constant at the centerline (for 
a constant and increasing temperature gradient), which 
maximizes droplet growth. 

supersaturation is a function of flow rate, pressure and 
temperature profile, which can be easily controlled and 
maintained. 

simple cylindrical geometry reduces size and minimizes 
buoyancy (or other secondary flow) effects. 
The principle of the CCN chambers has been validated by 
controlled laboratory experiments and independent 
measurements . 

[0024] In a more specific implementation, such a CCN chamber 
may have a cylindrical column. The surfaces of the 
cylindrical colum are wetted and exposed to an increasing and 
constant temperature gradient along the stream-wise axis 
constitutes the chamber volume. An air sample is introduced 
at the center of the column and is surrounded by an aerosol- 
free humidified sheath flow. This configuration keeps the 
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sample in a region of nearly uniform supersaturation and 
minimizes wall losses. The air then flows through the 

»» 

chamber, where CCN activate and grow into droplets. An 
optical particle counter at the outlet detects and sizes all 
particles. Those particles larger than a threshold size 
* w (e.g., 1 micron diameter) are considered CCN. This design 

maximizes the growth rate of activated droplets, thereby 
enhancing the performance of the instrument. The temperature 
gradient and the flow through the column control the 
supersaturation and may be modified to retrieve the CCN 
spectra . 

[0025] The underlying mechanism of generating a 
supersaturation relies on the difference in heat and mass 
diffusion as water vapor diffuses faster than heat (i.e., 0.25 
m 2 s" 1 vs. 0.21 m 2 s" 1 at 294 K, 1 atm, respectively). The 
resulting supersaturation is largely dependent on the 
temperature gradient and flow rate; while changes in pressure 
and temperature affect rates of diffusion and exert a 
secondary effect. 

[0026] The exemplary continuous-flow CCN chambers described 
here have a continuous thermal gradient in the stream-wise 
direction of the air flow in the CCN chambers. For example, 
the thermal gradient may be a monotonic thermal gradient in 
the stream-wise direction of the air flow in the CCN chambers. 
Hence, the temperature of the CCN chamber changes 
monotonically along the flow direction from the input end to 
the output end. The temperature may monotonically increase 
along the flow direction. In one implementation, the 
temperature of the cylindrical CCN chamber increases linearly 
along the flow direction from the input end to the output end. 
A linear temperature gradient yields a quasi-uniform 
\ supersaturation along the centerline and maximizes the growth 

rate of activated droplets, thereby significantly enhancing 
the instrument performance. This monotonic streamwise 



-9- 




WO 2004/027380 PCT/US2003/0292 13 

temperature gradient not only improves the performance of the 
CCN instrument but also makes the design simpler. 
[0027] FIG. 3 shows one exemplary implementation of a CCN 
instrument 300 having a continuous-flow CCN chamber 310 with a 
monotonic thermal gradient in the stream-wise direction of the 
air flow. The system 300 includes an aerosol flow line 320 to 
carry a desired sample flow to the chamber 310 received from 
the Y-shaped inlet 321. The inlet 321 splits the input air 
flow into an aerosol flow in an aerosol flow pathway 322 and a 
sheath flow in a sheath flow pathway 324. A mass flow 
controller 325 and a pump 326 are located in the sheath flow 
pathway 324 to produce the desired volumetric sheath flow to 
the chamber 310. A total particle filter 327 is also in the 
sheath flow line 324 to remove all particles in the sheath 
flow. A volumetric flow element 323, e.g., a capillary flow 
element coupled with a differential pressure transducer, may 
be placed in the aerosol flow pathway 322 to measure the 
volumetric flow rate of the aerosol flow which will be fed 
into the entrance section 311 to undergo the condensation in 
the chamber 310. 

[0028] A water supply module 330 is also included in the 
system 300 to circulate water through the chamber 310 to 
humidify the sheath flow and to wet the inner wall of the 
chamber. A water reservoir 331 is provided to supply water to 
the top of the chamber 310 and to uptake excess water from the 
bottom of the chamber 310. A water pump 332 may be used to 
supply the water from the reservoir 331 to a humidifier 328 in 
the sheath flow line 324 to humidify the sheath flow and 
supply the water to the top of the chamber 310. 
[0029] At the outlet of the chamber 310, a particle counter 
340 collects output air flow to measure the number of droplets 
(e.g., activated particles) in the aerosol flow. This 
particle counter 340 may be an optical particle counter (OPC) 
or other suitable counters to measure droplet size and 
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concentration. An air pump 350 may be coupled in the output 
flow to induce the aerosol flow in the chamber 310 and to 
further control the flow rate. 

[0030] The design in FIG. 3 has distinct features in 
comparison with other CCN chambers. For example, U.S. Patent 
No. 6,330,060 to Flagan and Chuang describes a CCN chamber 
with alternating hot and cold temperature-control sections to 
produce a spatially alternating thermal gradient along the 
flow direction. The supersaturation profile in this 
alternating gradient CCN chamber is oscillating along the axis 
of the chamber in the direction of the flow. Hence, the 
residence time a particle is exposed to a given 
supersaturation limits or even reverses growth of activated 
droplets . 

[0031] FIG. 1 shows the alternating-gradient technique for 
repeating hot/cold sections in cylindrical symmetry. The 
upper graph illustrates the contours of the supersaturation 
profile in the radial, r, and streamwise, z, dimensions. The 
centerline is at r = 0. The arrows show the parabolic 
velocity profile. The lower graph shows the alternating 
temperature gradient (bars) and the development of the 
supersaturation profile near the centerline of the chamber 
(multiple oscillating lines) . The minimum saturation ratio 
briefly drops below 1 (i.e., subsaturated) just after the cold 
sections. Droplets momentarily evaporate during this period. 
Simulations of the alternating-gradient technique achieved 
only marginal performance using a fully-coupled model 
developed by Nenes, Chuang, Flagan, and Seinfeld in "A 
theoretical analysis of cloud condensation nucleus (CCN) 
instruments," J. Geophys . Res., 106, 3449-3474 (2001). 
[0032] In recognition of the above, the inventors conducted 
simulations on the alternating-gradient design and adjusted 
various instrument parameters to improve the performance. In 
a particular simulation, successive sections were heated 
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slightly warmer than previous ones to prevent the airstream 
from equilibrating in a single heated section (i.e., the 
diffusion time of water vapor and heat to the center of the 
cylindrical chamber was longer than the residence time of the 
air parcel in a given heated section) . This pattern was 
extended along the column and produced a nearly constant 
centerline supersaturation with small oscillations about the 
mean value. Smaller simulated heated sections and a more 
uniform increase in temperature resulted in a linear 
temperature gradient and a smooth, nearly uniform centerline 
supersaturation. 

[0033] FIG. 2 shows two plots of the simulation results based 
on the linear thermal-gradient technique for a cylindrical 
symmetry. The upper graph illustrates the contours of the 
supersaturation profile in the radial and streamwise 
dimensions. The centerline is at r = 0. The lower graph shows 
the linear temperature gradient (lines with dot symbols) and 
the development of the uniform supersaturation profile near 
the centerline of the chamber. 

[0034] The design in FIG. 3 implements this linear thermal- 
gradient technique. Instead of controlling each of the 
multiple sections (i.e., 14 hot/cold sections) as in U.S. 
Patent No. 6,330,060, a continuous temperature gradient can be 
established by maintaining the temperature at a minimum of two 
locations 313A and 313B - at each end of the chamber 310. 
Other features and associated advantages of this design are 
described below. 

[0035] In FIG. 3, the CCN chamber 310 is an elongated, 
cylindrical chamber having an entrance section 311 to receive 
an input air flow along the longitudinal direction of the 
chamber and an output section 312 to export the air flow for 
measurements of CCN. The chamber 310 may be oriented 
vertically with the entrance section 311 on the top and the 
output section 312 at the bottom. Thermal control units may 
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be thermally coupled to the ends of the chamber 310 to 
maintain a thermal gradient in the chamber 310 along the flow 
direction. The thermal gradient establishes a monotonic 
change in temperature along the wetted surface in the flow 
direction, e.g., an increase in the wall temperature from the 
entrance section 311 to the output section 312'. As 
illustrated, each temperature control unit 313A and 313B may 
include one or more thermal control devices that are spatially 
separated along the chamber 310- For example, one or more 
thermal electric coolers (TECs) may be used to produce the 
desired stream-wise monotonic thermal gradient in the chamber 
310. Temperature sensors, such as thermocouples 314A and 
314B, may be used to monitor the temperature at different 
locations within the chamber 310. 

[0036] The system 300 in FIG. 3 provides a much needed 
improvement to the measurements of CCN by providing a simple, 
yet, robust method of precisely generating a supersaturation 
in a cylinder. More detailed features of the system 300 ar« 
now provided in the following sections. 



[0037] In the illustrated example, a vertical cylindrical 
column is used as the CCN growth chamber 310. The column's 
inner surfaces are wetted and exposed to an increasing 
temperature gradient along the streamwise, vertical axis. The 
dimensions of the column may be about 10.9 mm in radius. The 
length and wall thickness depend on the operating conditions 
and may be about 360 mm in length with a wall thickness of 
about 8 mm. To generate a nearly-linear temperature gradient, 
the column's walls should be sufficiently thick such that heat 
transfer in the streamwise axis (within the wall) is much 
greater than the convective or evaporative heat losses to the 
sample aerosol flow and through the insulation surrounding the 
column. Four thermal electric coolers (TECs) may surround the 
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column on each end to maintain the prescribed temperatures at 
their respective locations and maintain a desired monotonia 
temperature gradient along the axis of the chamber. The TECs 
may be mounted on each side of a 34 mm x 34 mm x 38 mm block 
which securely fits around the column. Heat-conductive silicon 
paste may be applied between the TECs, block and the column to 
ensure proper heat transfer. Temperature measurements may be 
made at several locations shown in FIG. 3. Thermocouples, 
resistance temperature detectors (RTDs) , and other temperature 
sensors may be used. 

[0038] The top column temperature 314A operates near the 
temperature surrounding the instrument. The sheath flow that 
flows against the inner wall of the column 310 may be actively 
heated in the headblock 311 with, e.g., a resistance wire 
heater, to slightly above top column temperature (ca. 1 K) to 
prevent inadvertent activation of particles in the entrance, 
portion of the column where the sample and sheath flows 
rejoin. Another resistance wire heater may be used to keep 
the optical particle counter 340 (OPC) slightly warmer than 
the bottom-column temperature 314B to prevent condensation of 
water vapor on the optics and detector in the OPC. 



[0039] An example of the CCN instrument 300 flow system is 
also shown in FIG. 3. A Y-shaped inlet 321 splits the sample 
airstream into separate aerosol and sheath flows while 
minimizing impaction losses. The aerosol sample flows through 



full-scale, temperature compensated Honeywell sensor) may 
measure the volumetric flow. Electrically conductive silicon 
tubing for the aerosol flow line 324 is made as short as 
possible to minimize diffusion losses. 

[0040] The sheath flow is directed through a total aerosol 
filter 327, flow meter 325, pump 326, orifice, dead-volume, 
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humidifier and heater before being introduced into the 
headspace above the wetted column. A mesh 4 30, shown in FI<B. 
4, separates the headspace and the wetted column, and via a 
slight pressure gradient uniformly distributes the aerosol- 
free humidified sheath flow. Before rejoining with the 
aerosol flow, the sheath flow is accelerated into the growth 
column; once it has achieved fully developed, annular flow, 
the air sample is introduced at the center of the wetted 
column. This annular configuration keeps the aerosol flow in 
a region of nearly uniform supersaturation and confines the 
aerosol flow near the centerline to minimize wall losses. The 
measurements nominally used a 10-to-l volumetric ratio for the 
sheath and aerosol flow rates which are also referred to as a 
sheath-to-aerosol ratio (SAR) of 10. Configurations with SARs 
between 5 and 20 have been tested. 

[0041] After the sheath and aerosol flows have been rejoined, 
the air then flows vertically downward through the chamber 

(FIG. 4) and is exposed to the increasing temperature gradient 
along the wetted surface within the chamber. Particles with a 
critical supersaturation less than the centerline saturation 
ratio activate and grow into droplets. The length of the 
column and flow rate may be optimized to achieve sufficiently 
large particles to separate activated and unactivated 
droplets. A collector cone 420 at the bottom of the chamber 
may focus the sample at the bottom of the chamber and 
introduces the airstream into the OPC. The cone 420 may have 
an included angle of 30° (i.e., 15° from the flow axis), and 
its opening may be slightly smaller than the chamber diameter 
so that excess water drains along the walls without flooding 
the OPC 340. A pump 350 downstream of the OPC 340 pulls the 
airstream through the instrument 300. Dead-volumes and 
orifices may be placed between each of the pumps and the 
column to eliminate pressure oscillations in the growth 
chamber. 
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Optical Particle Counter 

[0042] The optical particle counter (OPC) 340 in the system 
300 in FIG. 3 may employ standard light scattering techniques 
to detect droplets at the outlet of the growth column. The 
OPC is available commercially through, e.g., MetOne 
Intruments, Inc. (Grants Pass, OR, USA) . The electronics 
processor from MetOne counts and sizes the detector output 
into six size-selectable bins, which may be selected to be 
0.5, 0.7, 1.0, 2.0, 3.0, 6.0 Jim diameter. The size cutoffs of 
the bins have been calibrated at MetOne and the smallest 
detectable particle size is 0.3 |xm diameter. The number count 
of particles with diameters greater than the bin size may be 
exported via a RS-232 communication interface at 1 Hz. 
[0043] A collection cone may be attached to the OPC to bring 
the sample into the scattering volume with minimal bias to the 
droplet size spectra. Those droplets larger than a threshold 
{e.g., 1.0 jam diameter) may be considered CCN and comprise the 
CCN concentration. 

Column Wetting 

[0044] Various materials may be used on the inner surface of 
the chamber 310 in FIG. 3 to provide the desired wetting. For 
example, two layers of filter paper 412 (Whatman 1) may be 
used to maintain a wetted inner surface of the chamber. A 
reservoir 331 below the column may supply the water to a pump 
332 (e.g. peristaltic pump) , which pushes the water through a 
humidifier 328 (e.g., from Perma-Pur Inc.) and into the top of 
the column. Water is introduced through a radial band of small 
holes at top of the column for uniform distribution around the 
filter paper. Excess water drains to the bottom of the column 
and back into the reservoir. A gun-barrel-type drill on the 
inner side of the conductive wall 410, under the wetted 
surface 412, may result in a more efficient wetting of the 
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walls, as well as a more efficient way to drain excess liquid 
water from the walls. 



[0045] The electronic interface for the CCN instrument 300 in 
FIG. 3 may be designed for automatic acquisition and control 
of various operations. Its main parts may include a 
microprocessor or microcontroller such as an industry standard 
x86 compatible NEC V25 microcontroller, an interface backplane 
and various extension boards, which interface the process 
controller to the various components. Because of its high 
modularity, the system may be easily scaleable and, therefore, 
adaptable to the development of the CCN instrument. The 
interface is assembled in a standard 19" rack-mounted 
container. Seven analog-to-digital (A/D) input channels (16 
bit resolution, low noise, 50Hz suppression) collect 
temperature and differential pressure measurements. Eight 
digital-to-analog (D/A) channels (12 bit, low noise, 50 Hz 
suppression) control the thermal electric coolers, pumps, and 
resistance heaters. Data storage capabilities on PCMCIA hard 
disks provide ample storage space, and an RS-232 interfa-ce is 
also available to connect to secondary hosts. An integrated 
menu-driven LCD and 6 keyboard user interface provide an 
efficient, user-friendly interface for controlling various 
parameters and assessing the performance of the instrument. 



[0046] Flow and streamline constraints on the instrument in 
FIG. 3 are now described. Before constructing the instrument, 
extensive simulations using the fully coupled model of various 
parameters (i.e., column dimensions, heating rates, and flow 
rates) placed operational and dimensional constraints on the 
instrument design. In particular, special attention was 
devoted to buoyancy-related issues that affect the 
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instrument's performance. Earlier attempts to produce a 
similar instrument failed because of degraded performance 
resulting, in part, from secondary {buoyancy) flows that 
developed using large temperature gradients and low flow 
rates. Parameters such as column radius, temperature, 
temperature gradient and flow rate must be carefully selected 
to ensure proper performance. 

[0047] One important dimension of the instrument is the column 
radius, which dictates the droplet 1 s residence time in the 
column (hence, allowable growth). Instrument performance was 
measured by determining the ratio of the maximum radial change 
in the streamlines (maximum amount of change in streamlines 
perpendicular to the flow) to the radius of the column. 
Simulations were performed by using the fully coupled model 
that cover the operating range of the CCN instrument as shown 
in FIG. 6. For all simulated conditions, even at low flows 
and large temperature gradients, there is a notable increase 
in the deviation of streamlines as the radius increases above 
12 mm. 

[0048] In addition, buoyancy effects may also set limits on 
the maximum temperature gradients. As one might expect, large 
temperature gradients also drive unwanted convective motion as 
shown by the onset of convective activity at smaller radii in 
FIG. 6; and ultimately, limiting the maximum supersaturation 
at a given flow rate. Simulations indicate that the maximum 
supersaturation for the current configuration is ca. 3% at 1 
liter per minute, which is sufficiently high for ambient 
measurements. 

[0049] At small supersaturations, low flow rates may be needed 
to provide the residence time required for adequate growth for 
detection or distinguishing the activated droplets from 
deliquesced particles. However, low flow rates are more 
susceptible to buoyancy effects and are ultimately limited by 
the terminal settling velocity of growing droplets. We 
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operate the CCN instrument with flow in the downward vertical 
direction to eliminate problems associated with the suspension 
of larger droplets in the sample flow. The above-described 
instrument based on FIG. 3 was tested to be operable for flow 
rates between 0.3 and 1 1pm. 

[0050] The instrument in FIG. 3 may be capable of producing 
supersaturations less than 0.1%. In this operating range, it 
is important to distinguish activated droplets from 
deliquesced particles for identifying CCN according to the 
Kohler curve definition. As discussion earlier, a particle is 
consider activated when the droplet grows beyond its critical 
diameter, D pc ; where it will continue to grow as long as there 
is sufficient water vapor. This growth process, however, is 
diffusion limited and a finite time is required to grow the 
droplets. Distinguishing activated from unactivated droplets 
is relatively straightforward for small aerosol particles 
whose critical diameters are significantly less than the 1 |im 
threshold. However, as particles become larger, the critical 
size approaches the detection size and activated and 
unactivated droplets are not readily identified. To obtain 
measurements of CCN at lower supersaturations, we need to 
increase the threshold to larger sizes; however, there is a 
trade-off between this threshold and the residence time needed 
for adequate growth. 

[0051] An analytical solution of maintaining a constant 
supersaturat ion in a cylindrical column is described below for 
an ideal fully developed, laminar flow. This solution 
determines the supersaturation at any point within the 
chamber. The generalized conservation principle for steady- 
state laminar flow in axisymmetric coordinates can be 
expressed as 
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where X is either temperature or water vapor; u and v are 
stream velocities in the streamwise, z, and radial, r, 
directions, and a is the thermal or water vapor diffusivity in 
air. The terms on the left-hand side account for fluid 
motion; and those on the right-hand side account for 
diffusion. The solution to the above equation is readily 
obtained for fully developed flow at steady state with no 
convection, no slip boundary, and constant surface heat flux. 
The equation reduces to 



[0052] where X s is the surface temperature or water vapor 
pressure, u m is the mean flow velocity through the tube, and r 0 
is the radius of the column. Obtaining the value of the 
temperature profile, dT/dz, is trivial in the implementation 
of a linear thermal gradient along the z axis. However, the 
equilibrium vapor pressure, C, increases with temperature and 
the expression for dC/dz is shown to be 



where T D is 273.15 K, and yi, y 2 and y 3 are constants (6.113 x 
10" 3 , 17.67 and 26.95, respectively). The saturation (%) , 
which decreases slightly along the z axis, is defined as 
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where C eq is the equilibrium water vapor pressure at a given 
temperature within the column. 

[0053] The validity of this simplified analytical 
approximation has been verified through model comparisons and 
laboratory experiments. A comparison of the simplified model 
and the fully coupled model suggests that the main features of 
the dual diffusion in laminar flow in a cylindrical tube have 
been captured. The main differences between the two models 
arise from transient non-laminar flows and convective motions. 
The longer hydrodynamic entry length at larger flows impedes 
the development of a parabolic laminar profile causing the 
deviations in superaturat ion predictions with respect to the 
flow rate. Differences in the dif f usivities and density from 
changes in temperature are also not considered in the 
simplified analysis. 

[0054] The analytical steady-state and fully-coupled transient 
model simulations present the characteristics of the CCN 
instrument and illustrate the dependence of the 
supersaturation at various operating conditions. FIG. 5 
illustrates this dependence on several important variables, 
including flow, temperature gradient , pressure and 
temperature. The flow rate and temperature gradient exert the 
largest influence on determining the supersaturation; where 
the rate of change in supersaturation is ca . 0.06% per 100 cm 3 
min" 1 change in flow rate and 0.10% per K nf 1 change in 
temperature gradient. The absolute pressure and entrance 
temperature of the column also influence the supersaturation 
by changing the rate of diffusion; however, the effects of 
absolute pressure and temperature are modest at <:a . 0.03% per 
100 mbar and 0.034% per 10 K, respectively. Nonetheless, 
slight changes in S v are expected during vertical profiles in 
airborne measurements. A typical profile may cover a range 
between 600 and 700 mbar, which corresponds to a ca. 0.2% 
change in S v . To maintain a constant S v , one may vary other 
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parameters such as the temperature gradient or flow rate to 
compensate the pressure dependence in S v . 

[0055] Additional modifications to the current design include 
but are not limited to the following: 

1. Capillary flow elements simplify measurements of 
volumetric flow rates compared to mass flow meters, because 
they eliminate the need for pressure and temperature 
compensation during flight missions. The differential 
pressure sensors also reguire less power than mass flow 
controllers. 

2. The wall thickness of the chamber needs to be minimized, 
yet sufficiently thick such that heat conduction in the 
longitudinal direction is greater than convective and 
evaporative losses from the sides. 

3. Maintaining a wet column has been a challenge for CCN 
instruments. Currently, the Whatman filter paper is used to 
line the inside of the chamber. Other materials may also be 
used for maintaining desired wet surfaces in the column. For 
example, porous ceramics, such as alumina bisque, may also 
serve as the wetting medium. The thermal conductivity of 
alumina bisque ceramics (4.3 W PC 1 nf 1 ) is much higher than that 
of paper (0.18 W FT 1 nf 1 ) , leading to smaller temperature 
differences between measured and wetted-surf ace temperatures. 
The use of ceramics also reduces the need of accessing the 
internal parts of the instruments making it more robust and 
"field-friendly." 

4. Since the supersaturation exhibits a flow-rate and 
pressure dependence, feedback on the temperature and/or flow 
control must compensate for changes in pressure during 
vertical profiles to maintain a fixed supersaturation. 
[0056] In addition, other implementations may be possible. 
For example, the temperature profile may increase or decrease 
along the streamwise axis and need not be linear. A non- 
linear temperature profile may apply to certain applications. 
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[0057] Also, the temperature profile may not necessarily be 
monotonic along the entire length of the column. For example, 
additional temperature control may be added such that the 
first part of the column may experience an increasing 
temperature gradient, whereas the latter part of the column 
may experience a decreasing or no temperature gradient. 
[0058] The instrument may comprise at least two or more CCN 
columns with different particle counters to perform 
simultaneous measurements in parallel on air samples taken at 
the same locale. These columns may be at different lengths, 
or may be exposed to different operating conditions such as 
temperature gradients, internal pressures, different flow 
rates, and/or different media. 

[0059] The CCN chamber designs here may apply to media other 
than the typical the medium of air and water and in general 
may apply to measurements in any media that exhibit different 
rates of mass and thermal diffusivity. The construction of 
the instrument and column may include materials other than 
aluminum and the walls of the chamber may consist of materials 
other than filter paper. Detectors or other devices other 
than an optical particle counter may also be used depending on 
the application. Air flow pattern in the CCN chamber other 
than annular flow through the column may also be acceptable. 
Furthermore, the instrument need not necessarily be positioned 
in the vertical direction. 



